Recent data have implicated voltage-gated calcium channels in the regulation of the excitability of neurons within the mesolimbic reward system. While the attention of most research has centered on high voltage L-type calcium channel activity, the presence and role of the low voltage-gated T-type calcium channel (T-channels) has not been well explored. Hence, we investigated T-channel properties in the neurons of the ventral tegmental area (VTA) utilizing wild-type (WT) rats and mice, Ca V 3.1 knock-out (KO) mice, and TH-eGFP knock-in (KI) rats in acute horizontal brain slices of adolescent animals. In voltage-clamp experiments, we first assessed T-channel activity in WT rats with characteristic properties of voltage-dependent activation and inactivation, as well as characteristic crisscrossing patterns of macroscopic current kinetics. T-current kinetics were similar in WT mice and WT rats but T-currents were abolished in Ca V 3.1 KO mice. In ensuing current-clamp experiments, we observed the presence of hyperpolarization-induced rebound burst firing in a subset of neurons in WT rats, as well as dopaminergic and non-dopaminergic neurons in TH-eGFP KI rats. Following the application of a pan-selective Tchannel blocker TTA-P2, rebound bursting was significantly inhibited in all tested cells. In a behavioral assessment, the acute locomotor increase induced by a MK-801 (Dizocilpine) injection in WT mice was abolished in Ca V 3.1 KO mice, suggesting a tangible role for 3.1 T-type channels in drug response. We conclude that pharmacological targeting of Ca V 3.1 isoform of T-channels may be a novel approach for the treatment of disorders of mesolimbic reward system.
Introduction
Voltage-gated calcium channels (VGCC) play a role in neuronal excitability and have been implicated in a number of disease processes involving hyperexcitability, including epilepsy (Cain and Snutch, 2010) and addiction (Lin et al., 1999; Uslaner et al., 2010) . There are multiple classes of VGCC including the high-voltageactivated L, P/Q, N, R and low-voltage-activated T-type, each with unique structural and electrophysiological properties. Regions in which specific VGCC have been shown to have a significant contribution include the ventral tegmental area (VTA).
The VTA is a heterogeneous region of the midbrain that is highly involved in motivated actions, including aversive and reinforcement-related behaviors. Although different classes of VGCC may be involved in the regulation of neuronal excitability, most attention involving the VTA has focused on L-type calcium channels (Licata et al., 2000; Liu et al., 2014 Liu et al., , 2007 Liu and Chen, 2008) . However, the T-type VGCC is ideally suited to regulate neuronal excitability since it has the unique property of activating at low voltages to produce an influx of calcium ions, which in turn supports the excitability of the neuron allowing for more frequent action potentials. It has been demonstrated that both dopaminergic neurons and inhibitory interneurons in the midbrain may fire rebound spikes following periods of membrane hyperpolarization (Grace, 1991; Tateno and Robinson, 2011) . However, ionic conductances underlying rebound spiking in the VTA region remain poorly characterized.
Unlike any other subtypes of VGCCs, T-type channels are deinactivated following a brief period of membrane hyperpolarization. After a subsequent return to resting membrane potential, T-type channels open and allow calcium influx into the cell, raising the membrane potential and triggering an action potential, a process defined as a low-threshold spike (LTS). Previous in-situ hybridization studies have shown that the Ca V 3.1 isoform of T-channels is highly expressed in VTA neurons (Talley et al., 1999) . However, kinetic properties of T-currents and their effect on neuronal excitability in the VTA are not well studied. Here, we tested hypothesis that T-channels may be a significant contributor to neuronal excitability in the VTA and that this, in turn, may play a role in the behavioral effects of drugs of abuse. Therefore, understanding how T-type channels contribute to the excitability of VTA neurons may provide a novel insight into the mechanisms that govern neuronal excitability in this brain region that is heavily implicated in motivational behavior, drug abuse and disorders like schizophrenia (Belardetti et al., 2009 ).
Materials and methods

Animals
A total of 23 transgenic TH-eGFP (tyrosine-hydroxylase-eGFP) rats on Sprague-Dawley background (Taconic Biosciences/Michael J. Fox Foundation, New York, NY), 24 wild-type Sprague-Dawley rats (Harlan, Madison, WI), 4 Ca V 3.1 knock-out mice, and 5 C57BL6/J mice (Jackson Laboratory, Bar Harbor, ME) were used for the electrophysiology experiments. For the behavioral experiment, 6 Ca V 3.1 knock-out mice, and 6 C57BL6/J wild-type mice (Jackson Laboratory, Bar Harbor, ME) were used. Ca V 3.1 KO mice were obtained from Riken BRC through the National Bio-Resource Project of the MEXT (Japan) and were generated as described previously (Petrenko et al., 2007) . Animals were housed with their mother until postnatal day 21 and thereafter in groups of three. All animals were maintained under a 12 h light/dark cycle and experiments were performed during the light phase of the cycle. Laboratory chow (Harlan, Madison, WI) and water were available ad libitum prior to electrophysiology experiments. All procedures were approved by the Institutional Animal Care and Use Committee of the University of Colorado-Denver and were in accordance with NIH guidelines (National Research Council, 2011) .
Brain slice preparation for patch-clamp experiments and immunohistochemistry
The electrophysiological properties of VTA neurons were assessed in acute midbrain horizontal slices containing the VTA from post-natal P17-36 adolescent rats. Patch-clamp recordings focused on T-type VGCCs. Animals were anesthetized briefly with isoflurane and decapitated, and brains were rapidly removed as described previously (Joksimovic et al., 2017) . Fresh horizontal or sagittal brain slices were sectioned 250e300 mm thick at 4 C in pre-chilled solution containing (in mM): sucrose 260, D-glucose 10, NaHCO 3 26, NaH 2 PO 4 1.25, KCl 3, CaCl 2 2, MgCl 2 2, using a vibrating micro slicer (Leica VT 1200S). Brain slices were then immediately incubated for 45 min in solution containing (in mM): NaCl 124, Dglucose 10, NaHCO 3 26, NaH 2 PO 4 1.25, KCl 4, CaCl 2 2, MgCl 2 2 at 37 C prior to use in electrophysiology recordings; all recordings were conducted at room temperature. During incubation, slices were constantly perfused with a gas mixture of 95 vol% O 2 and 5 vol % CO 2 .
The procedure for labeling recorded neurons was based on our previously published method (Joksovic et al., 2006) . The internal solution of the recording pipette contained 0.5% biocytin. After recording T-type currents from biocytin-filled neurons, slices were fixed overnight in 4% paraformaldehyde and then washed with 0.1% phosphate buffer (PB). Neurons were revealed using the avidinebiotineperoxidase complex method (ABC elite kit; Vector Laboratories, Burlingame, CA, USA). After blocking endogenous peroxidase with 0.3% H 2 O 2 in 0.4% Triton X-100 and PB, slices were incubated in the ABC reagent for 2 h. Incubated slices were washed several times in PB before immersion in a solution containing 0.05% of 3,3 0 -diaminobenzidine tetrahydrochloride (DAB reagent) in 0.1% Tris buffer and 0.02% H 2 O 2 . After several washes in PB, slices were mounted on gelatin-coated slides and mounted with an aqueous mounting medium and then imaged immediately following immersion. The position of labelled neurons within the VTA was confirmed by using the brain atlas of Paxinos and Franklin (2001) .
Electrophysiological studies
Slices were placed in a recording chamber (1-ml bath volume, RC-24N, Warner Instruments, Hamden, CT) that was steadily superfused at a rate of 2 ml/min with carbogenated recording solution of appropriate composition. The external solution for current-clamp electrophysiology experiments consisted of the following (in mM): NaCl 125, D-glucose 25, NaHCO 3 25, NaH 2 PO 4 1.25, KCl 2.5, MgCl 2 1, CaCl 2 2. This external solution was supplemented with picrotoxin (20 mM), D-2-amino-5-phosphonovalerate (D-AP5; 50 mM), and 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f] quinoxaline-2,3-dione (NBQX; 5 mM) to block inhibitory and excitatory synaptic currents, respectively. For current-clamp experiments, the internal solution consisted of the following (in mM): potassium-D-gluconate 130, EGTA 5, NaCl 4, CaCl 2 0.5, HEPES 10, Mg ATP 2, Tris GTP 0.5, pH 7.2. The external solution for voltage-clamp experiments with T-currents was identical to one for current-clamp experiments with addition of 1 mM of TTX to block voltage-gated sodium currents. This solution was equilibrated with a mixture of 95 vol% O 2 and 5 vol% CO 2 for at least 30 min with a resulting pH of 7.4. The internal solution for voltage-clamp experiments with Tcurrents consisted of the following (in mM): tetramethyl ammonium (TMA)-OH 135, EGTA 10, MgCl 2 2, HEPES 40, titrated to pH 7.2 with hydrofluoric acid (HF) (Todorovic and Lingle, 1998) . VTA neurons were visually identified by video microscopy (high performance CCD camera, Cohu, San Diego, CA) combined with a BX51WI microscope with IR-DIC illumination (Olympus, Hamburg, Germany). Glass microelectrodes (Sutter Instruments, OD 1.2 mm) were pulled using a Sutter Instruments model P1000 and fabricated to maintain an initial resistance of 4e6 MU. Neuronal membrane responses were recorded using an Axopatch 200 B amplifier (Molecular Devices). Voltage current commands and digitization of the resulting voltages and currents were performed with Clampex 10.7 software (Molecular Devices) running on a PC-compatible computer. Resulting current and voltage traces were analyzed using Clampfit 10.7 (Molecular Devices). Data aggregation, statistical tests, and graphical analyses were performed using Rstudio (RStudio Team), GraphPad Prism 7.04 software (GraphPad Software), and Origin 7.0 (OriginLab), respectively. Results typically are presented as means from different neurons ± SEM unless stated otherwise.
Current-clamp studies
Both tonic and hyperpolarization induced rebound action potential properties of VTA neurons were examined by using multistep protocols with synaptic blockers (20 mM picrotoxin, 50 mM d-APV, and 5 mM NBQX) in the external solution. For hyperpolarizinginduced rebound spiking, VTA neurons were patched in the wholecell configuration, and resting membrane potentials were recorded for a 100 ms period. To investigate hyperpolarization induced rebound action potential patterns, the neurons were injected with 500 msec long hyperpolarizing currents in 10e75 pA intervals across 11 interval steps. Input resistance was determined from series of 500 msec long negative current injections delivered via recording pipette. The resulting amplitudes of membrane hyperpolarizations induced by given current injections were measured at the end of the hyperpolarizing step.
Drug applications and data analysis
A racemic mixture of TTA-P2 (3,5-dichloro-N-[1-(2,2-dimethyltetrahydro-pyran-4-ylmethyl)-4-fluoro-piperidin-4-ylmethyl]-benzamide) (Alomone Labs, Israel) was prepared as a 3 mM stock solution in dimethyl sulfoxide (DMSO); aliquots were stored at À20 C and diluted for use at final concentrations of 5 mM, which is known to selectively block T-type calcium channels (Choe et al., 2011; Dreyfus et al., 2010; Shipe et al., 2008) . Data from the predrug baseline and following five and 10 min after application of TTA-P2 were compared by 2-way analysis of variance (ANOVA) using within-subject mixed-design measures (Negus and Miller, 2014) . Similarly, we used 2-way mixed measures ANOVA to analyze the phenotype of neurons from TH-eGFP KI rats. For the voltage clamp experiments comparing the peak current magnitude in wild-type and Ca V 3.1 knock-out mice, an unpaired t-test and Mann-Whitney U test was performed to determine statistical significance.
T-current properties
T-channel activation was measured by stepping the membrane potential from an initial holding potential (V h ) of À90 mV to test potentials (V t ) of À80 mV to À20 mV in 2.5 mV increments over a period of 200 ms. Current-voltage (I-V) curves were generated, and peak current amplitudes and inactivation properties of current waveforms were established. Steady-state inactivation curves were generated by using a standard double-pulse protocol with 3.6 slong pre-pulses to variable voltages (from À120 to À50 mV in 5 mV increments) and test potentials to À50 mV. The voltage dependencies of activation and steady-state inactivation were described with single Boltzmann distributions of the following forms:
In these forms, I max is the maximal amplitude of current; V 50 is the voltage at which half of the current is activated or inactivated; and k represents the voltage dependence (slope) of the distribution. The time constant of T-current inactivation in VTA neurons was assessed by fitting the decaying portions of the current waveforms at the peak potential of the I-V relationships with a single exponential function f(t) ¼ A 1 exp(-t/t 1 ), yielding one time constant (t 1 ) and its amplitude (A 1 ).
Recordings from intact brain slices offer great advantages for studying neurons in an intact setting ex vivo. However, the presence of extensive neuron processes compromises voltage control in whole-cell recordings from slices so that all biophysical measurements must be interpreted with caution. Accordingly, we paid close attention to signs of good voltage control. Specifically, we analyzed cells in which there was no extensive delay in the onset of current; also, the onset and offset kinetics depended on voltage, not on the amplitude of current. In whole-cell experiments, because intact VTA neurons have long processes, rapid components of recorded current, such as tail currents, are unlikely to reflect the true amplitude and time course of calcium current behavior. The use of internal solution with TMA and HF allowed us to isolate T-currents from high-voltage-activated (HVA) calcium currents (Todorovic and Lingle, 1998) . The amplitude of T-currents was measured from the peak, which was subtracted from the current at the end of a depolarizing test potential to avoid contamination with a small HVA current component.
Similarly, application of drugs has some limitations in intact slices. TTA-P2 was applied until an apparent steady-state effect was achieved. The quantitative assessment of drug effects is limited since delivery of drug-containing solutions in vitro may be compromised due to diffusion through the sliced tissue. Therefore, the actual concentrations of all compounds at their sites of action are likely to be lower than those reported. To perform the study of neuronal excitability under similar conditions, fluctuations of resting membrane potential during drug applications were corrected with direct injections of currents via the recording electrode. Hence, for the data presented in Fig. 2 , membrane potential was kept constant by correcting any TTA-P2-induced hyperpolarization in order to perform comparisons of neuronal excitability before and after drug application that was not confounded by the changes of membrane potential.
Confocal laser scanning microscopy
Transgenic TH-eGFP knock-in rats were deeply anesthetized with 5% isoflurane and transcardially perfused with phosphate buffered saline (PBS pH 7.4, Life Technologies). Brains were postfixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 24 h. Brains were rinsed in PBS, embedded in 3% agarose and brain sections (40 mm) were prepared on a microtome (Leica VT1200). Slices were rinsed three times in PBS and a heat antigen retrieval process was performed in boiling citric buffer (0.1M, pH 6.0). Sections were blocked with 5% normal donkey serum in PBST (0.05% Triton X 100 in PBS) for 30 min, and incubated with primary antibody (rabbit anti-NeuN, 1∶100, Millipore) diluted in 1% normal donkey serum in PBST overnight at 4 C. Slices were rinsed 3 Â 5 minutes in PBST followed by 5 min rinsing in PBS and then incubated for 2 h with secondary anti-rabbit antibody (1∶100, Alexa 555, Invitrogen) at room temperature and washed 3 Â 5 minutes in PBS. The sections were mounted in fluorescent mounting medium (Vector laboratories) and the fluorescent signals were examined using an Olympus FluoView FV1000 confocal laser scanning microscope. Specificity of the antibody was confirmed by omitting the primary antibody in control slices.
MK-801-induced hyperlocomotion
Locomotor activity of wild-type (WT; n ¼ 6) and Ca V 3.1 KO mice (n ¼ 6) was recorded in an open field chamber (44 Â 44 Â 30 cm 3 )
under white light for a total of 90 min using EthoVision XT videotracking software (Noldus). The test was performed in three sessions: first -baseline locomotor activity (15 min); secondlocomotor activity after intra-peritoneal (i.p.) injection of saline vehicle (15 min); and third -locomotor activity after i.p. injection of MK-801 (0.1 mg/kg; 60 min).
Results
T-type channel activity utilizing current and voltage clamp in wild-type rats
Many neurons in the VTA receive a strong inhibitory synaptic input that generates hyperpolarizing synaptic potentials (Johnson and North, 1992) . Importantly, T-type calcium channels are deinactivated during periods of membrane hyperpolarization and support characteristic rebound after-depolarizing potentials (ADP) that often crown with one or multiple rebound action potentials (APs) upon return to the baseline membrane potentials. Hence, we used current-clamp recordings from WT rats to assess whether VTA neurons exhibit ADP and rebound firing of APs. Current-clamp stimulus waveform for the dual step protocol (brief depolarizing stimulus followed by a hyperpolarizing stimulus) is shown in Fig. 1A . Injections of 50 pA (red traces) and 100 pA (black traces) induced regular spiking firing pattern upon depolarization in both neurons ( Fig. 1B and C) . However, the dual step protocol resulted in hyperpolarization-induced rebound spiking in some neurons in the VTA, as shown in Fig. 1B , while other neurons did not produce hyperpolarization-induced ADP and rebound spiking (Fig. 1C) . Note that the representative VTA neuron in panel B fired nine APs upon depolarization with 100 pA, while the neuron depicted in panel C fired only three APs. Consistent with this pattern, subsequent experiments using similar dual step protocols demonstrated that neurons with ADP had significantly higher depolarization-induced AP firing frequency (45.14 ± 3.93 Hz, n ¼ 37 neurons from 23 rats) than neurons without ADP (33.83 ± 2.76 Hz, n ¼ 30 neurons from 16 rats; p ¼ 0.028, two-tailed t-test). In addition, we found that baseline membrane potentials in our recording conditions within the same cohorts were more depolarized in neurons with ADP (À50.9 ± 0.5 mV) than in neurons without ADP (À54.0 ± 0.7 mV; p ¼ 0.001, two-tailed t-test). Neurons patched in Fig. 1B and C were also stained with biocytin and are shown in Fig. 1b and c, respectively. We examined 14 VTA neurons from eight WT rats using the dual step protocol in conjunction with biocytin in the recording pipette; 9/14 neurons (64%) showed hyperpolarization-induced ADP and rebound spiking.
Next, we set out to determine if rebound spike firing and ADP could be abolished in the presence of the pan-selective T-channel blocker, TTA-P2. Fig. 2A (top panel) shows the stimulus waveform for the dual step protocol overlapped with baseline control traces (middle panel) and 5 min after application of 5 mM TTA-P2 (bottom panel). Baseline traces show multiple depolarization-induced APs and hyperpolarization-induced rebound spiking following a return to baseline. Although a 10-min exposure of neurons to TTA-P2 did not affect depolarization-induced firing, rebound spikes were completely ablated ( Fig. 2A, bottom panel) . Aggregation of eleven observations from brain slices exposed to TTA-P2 from seven WT rats were averaged and compared for statistical significance (Fig. 2BeD) . We found that TTA-P2 produced a significant effect on hyperpolarization-induced rebound spiking [F(10, 100) ¼ 8.875 p < 0.0001] resulting in decreased spiking from 30 to 100% of maximal current intensity (Fig. 2B) . In contrast, TTA-P2 failed to produce a significant change in the depolarization-induced firing frequency in the same neurons (Fig. 2C) . Interestingly, TTA-P2 produced a significant interaction [F(20, 180 ) ¼ 3.008, P < 0.0001] resulting in an increase in input resistance at 10e100% of maximal current at the 5 and 10 min time points after application of TTA-P2 (Fig. 2D) . Importantly, VTA neurons (n ¼ 3) that were not exposed to TTA-P2, hyperpolarization-induced rebound spiking and input resistance remained stable up to 10 min of recording (data not shown). Interestingly, TTA-P2 caused a small but significant membrane hyperpolarization of 3.04 ± 0.76 mV in VTA neurons (n ¼ 5; p ¼ 0.016, two-tailed paired t-test). Hence, for the data presented in Fig. 2 , the membrane potential was kept constant by injecting current via the recording pipette to correct TTA-P2-induced hyperpolarization. This allowed comparison of neuronal excitability before and after drug application that was not confounded by the changes of membrane potential.
Next, we performed voltage-clamp recording from VTA neurons of WT rats in order to investigate biophysical properties of T-currents. We focused on the properties of voltage-dependent activation and voltage-dependent inactivation kinetics, specifically, because they can drastically influence neuronal excitability. Voltage-clamp stimulus waveform and representative family of current traces for the activation current-voltage protocol are shown in Fig. 3A demonstrating activation and inactivation kinetics of macroscopic currents becomes progressively faster with stronger depolarizing steps, which produces a characteristic crisscrossing Depiction of two current injection traces of 50 pA (red trace) and 100 pA (black trace) from the dual step protocol utilized to elicit depolarization-induced firing mode and after-hyperpolarization-induced rebound spiking. The procedure begins with an injection of positive current at successive steps for 200 ms, followed by a current injection of negative current for 500 ms to attempt to elicit a series of rebound spiking. (B) Representative traces from the dual step protocol of a neuron in the VTA which produces depolarization-induced firing and hyperpolarization-induced rebound spiking. (C) Representative trace from another neuron that fired only after injections of depolarizing currents, but did not produce hyperpolarization-induced rebound spiking. Recorded neurons in B and C were labeled with biocytin (b and c, respectively), which was included in the recording pipette (scale bar ¼ 15 microns). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) pattern. Analysis of peak current for each trace across nine WT rats was aggregated and normalized to determine a V 50 of À59.60 mV for the voltage-dependent activation of T-currents in VTA neurons (Fig. 3B) . Similarly, we also plotted current density (current amplitudes divided by cell's capacitance) and inactivation time constant (tau) against test potential for the current-voltage protocol ( Fig. 3C and D respectively) . Inactivation tau became progressively faster with stronger depolarizing steps and largely voltageindependent at more positive potentials, reaching a steady-state value of approximately 40 msec.
Voltage-clamp stimulus waveform and representative current traces for the inactivation protocol are shown in Fig. 4A . Analysis of peak current for each trace across neurons from brain slices of WT rats was aggregated and normalized to determine a V 50 of À94.35 mV for the voltage-dependent inactivation of T-currents in VTA neurons (Fig. 4B) . Next, normalized current and conductance were plotted against test potential for both the inactivation (black) and activation (red) protocol respectively, to show the small overlapping region termed "window" current (Fig. 4C) . These "window" currents result from the fact that a small fraction of T-channels is persistently available near the resting membrane potential, which in turn allows a basal inward flux of calcium ions and membrane depolarization at rest (Perez-Reyes, 2003) . It is well documented that T-type "window" currents play an important role in regulating functional states of thalamic neurons (Cope et al., 2005; Dreyfus et al., 2010) . Furthermore, it is likely that inhibition of T-type "window" currents by TTA-P2 in VTA neurons underlies the hyperpolarization and increased input resistance that we observed in our current-clamp experiments (Fig. 2D). 3.2. T-type channel activity utilizing voltage clamp in wildtype and Ca V 3.1 knock-out mice There are three known isoforms of T-type calcium channels based on the cloned pore-forming a1 subunit: Ca V 3.1 (a1G), Ca V 3.2 (a1H) and Ca V 3.3 (a1I) that are encoded by CACNA1G, CACNA1H and CACNA1I genes, respectively (Perez-Reyes, 2003) . Furthermore, TTA-P2 possesses a comparable affinity for all three T-channel isoforms (Shipe et al., 2008) . In-situ hybridization has demonstrated rat VTA neurons are enriched in mRNA for the Ca V 3.1 isoform; however, Ca V 3.2 and Ca V 3.3 were bellow threshold for detection (Talley et al., 1999) . Hence, we recorded well-isolated Tcurrents from brain slices of WT mice and global Ca V 3.1 knock-out (KO) mice to determine the molecular entity of T-currents in VTA neurons. The voltage-clamp stimulus waveform for the inactivation protocol is shown in top panel of Fig. 5A . Example peak sweeps are shown from activation traces (V h À90 mv, V t À40 mV) of a neuron in the VTA for a wild-type (black trace) and Ca V 3.1 KO (red trace) mouse (bottom panel of Fig. 5A ). The amplitude of the T-current in KO mice was less than 5% of the amplitude obtained in WT mice. Average time constant (tau) for macroscopic current inactivation in WT mice was 42.3 ± 1.9 msec, which was similar to the corresponding values of 43.7 ± 4.9 msec obtained from WT rats (Fig. 3D) . Bar graph on Fig. 5B shows the peaks of T-currents (n ¼ 10 neurons from 4 WT mice) compared to Ca V 3.1 KO mice (n ¼ 10 neurons from 3 KO mice), suggesting that VTA T-currents were significantly diminished in KO mice (p < 0.001, Mann-Whitney U Statistic).
Horizontal slice imaging of VTA from TH-eGFP rat neurons
Our patch-clamp recordings and results with TTA-P2 in WT rats clearly demonstrated expression of classic T-type currents that underlie ADP and rebound burst firing in a subset of VTA neurons. However, it is well known that the VTA contains heterogeneous populations of dopaminergic neurons as well as both inhibitory and excitatory interneurons, all of which play critical roles in regulating motivated behaviors (Morales and Margolis, 2017) . Hence, we wished to determine if there was a functional significance to our findings and if T-channels might support excitability in one or both cell populations in the VTA. To address this issue and identify dopaminergic and non-dopaminergic neurons in the VTA, we took advantage of transgenic rats with the dopamine-producing enzyme tyrosine-hydroxylase (TH) labeled with eGFP (Iacovitti et al., 2014) . To label all neuronal nuclei (both dopaminergic and nondopaminergic neurons) in the VTA and adjacent areas in this region, brain slices from the TH-eGFP rats were labeled with the general neuronal marker NeuN and imaged with confocal microscopy ( Fig. 6A and B) . A representative brain slice of the VTA region examined by dual imaging (Fig. 6A) shows all NeuN positive neuronal nuclei (red), and dopaminergic neurons, which express TH-eGFP (green). The white square in Fig. 6A is enlarged in Fig. 6B , which shows TH-eGFP (top), NeuN (bottom), and the merged image (middle). Similar images were obtained from a total of three THeGFP rats, suggesting the VTA contains both dopaminergic (THeGFP positive/NeuN positive) and non-dopaminergic (TH-eGFP negative/NeuN positive) neurons.
Electrophysiological properties of VTA positive and negative TH-eGFP rat neurons
We next performed current-clamp recordings from identified dopaminergic (TH-eGFP positive, TH-POS) and non-dopaminergic (TH-eGFP negative, TH-NEG) neurons in the VTA of slices from TH-eGFP transgenic rats. Fig. 7A (top) depicts family of current injections protocol used to study depolarization-induced and rebound firing properties of TH-POS and TH-NEG neurons in the VTA. The membrane was first depolarized for 500 msec, than hyperpolarized for 500 msec with 10 incremental steps of current injections via the recording pipette. Consequently, we studied resulting rebound excitability upon return to the baseline membrane potential for 300 msec following termination of current injection. Traces from representative TH-POS (green traces) and TH-NEG (red traces) neurons are depicted in the middle and lower panels, respectively, of Fig. 7A . Both cell types fired multiple APs when depolarized with escalating current injections. Note that in both types of neurons hyperpolarization-activated current, indicative of I h current, is noticeable during negative current injections. Upon return of membrane potential to the baseline levels, both cell types displayed bursts of APs. Fig. 7B shows input-output curves representing the number of rebound APs as a function of the percentage of maximal current injection between TH-POS neurons (n ¼ 13 neurons from 12 TH-eGFP rats) and TH-NEG neurons (n ¼ 17 neurons from 11 TH-eGFP rats). Although both cell types had similar input-output curves, there was a statistically significant increase in the ability for TH-NEG neurons to produce more rebound APs at 70%, 80% and 90% of maximal current injections. In contrast, there was no statistical difference between the depolarization-induced firing frequency of TH-POS and TH-NEG neurons (Fig. 7C) . While all tested neurons displayed depolarization-induced firing mode, rebound spike firing was observed in 13 out of 31 studied TH-POS neurons (42%) and 17 out of 31 TH-NEG neurons (55%). Finally, we tested the ability of TTA-P2 to inhibit rebound APs in TH-POS and TH-NEG neurons. Fig. 7D shows representative traces of rebound APs before application of TTA-P2 (green trace) and after 10 min of application of TTA-P2 (gray trace) in the same TH-POS neuron. TTA-P2 completely inhibited rebound spiking of an AP, which was repeated in a total of three neurons from three rats. Fig. 7E shows representative traces of rebound APs before application (red trace) and after 10 min of application of TTA-P2 (gray trace) in the same TH-NEG neuron. TTA-P2 completely and reproducibly inhibited both APs during rebound spiking in a tested TH-NEG neurons (n ¼ 5 neurons from 5 rats).
We also compared passive and active membrane properties between TH-POS and TH-NEG neurons by measuring the following: baseline membrane potential, input resistance (Rin), threshold hyperpolarizing current injection to evoke rebound spike (rheobase), latency to the first rebound spike measured from the end of hyperpolarizing current injection step, and threshold membrane potentials to evoke first rebound spike. Table 1 summarizes these data and indicates that with the exception of a lower rheobase in TH-NEG neurons, there was no statistical significance in any of these parameters between the TH-POS and TH-NEG neurons (twotailed t-test and Mann-Whitney U test). It is noteworthy that in our recording conditions, we did not observe spontaneous electrical activity in any of the studied VTA neurons.
MK-801-induced hyperlocomotion
An important role of the VTA in basal dopamine output in mesolimbic and mesocortical dopamine terminals is well established (Math e et al., 1999) . MK-801, a potent and selective NMDA receptor antagonist, induces stereotyped behaviors and a marked Analysis of peak current for each trace across subjects was aggregated and normalized to determine a V 50 of À94.4 ± 0.6 mV and a slope factor of 5.8 ± 0.6 mV for the voltage-dependent steadystate inactivation in rat VTA neurons. Individual data points are in 5 mV incremental steps and are averages from multiple determinations. Red solid line on the graph is best fit of data points using Boltzmann equation. (C) Normalized current and conductance plotted against test potential for both the inactivation (black) and activation (red) protocol, respectively show the overlapping region, termed T-type "window" current. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) Representative sweeps from traces of neurons in the VTA for a wild-type (black trace) and Ca V 3.1 KO mouse (red trace). (C) Aggregation of T-current peaks across 10 observations of wild-type mice from 4 animals and 10 observations of Ca V 3.1 KO mice from 3 animals were averaged and compared for statistical significance; t-test, two-tailed. Current amplitudes were greatly diminished in KO mice (3.7 ± 1.7 pA) when compared to WT mice (91.3 ± 15.6 pA) (***, p < 0.001). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) increase in locomotor activity in rodents resembling motor symptoms of schizophrenia in humans (Tricklebank et al., 1989) . Many of these locomotor effects of MK-801 appear to be mediated by VTA neurons (Math e et al., 1998; Narayanan et al., 1996) . Based on our patch-clamp results with VTA neurons lacking Ca V 3.1 channels, we hypothesized that Ca V 3.1 KO mice could display reduced locomotor responses when injected with MK-801.
The effects of Ca V 3.1 T-channels on hyperlocomotion induced by 0.1 mg/kg MK-801 are summarized in Fig. 8 . The baseline locomotor activity and activity after saline injection were not significantly different between WT and Ca V 3.1 KO mice (two-way mixed-design ANOVA). When monitoring the mice for an hour immediately after MK-801 injection (5 min time-bins), WT, but not Ca V 3.1 KO mice, exhibited a dramatic increase in locomotor activity (factor genotype F(1,10) ¼ 7.43, p ¼ 0.02, Fig. 8A ). Similar lack of MK-801 effect in Ca V 3.1 KO mice was observed when the total distance was analyzed (two-tailed unpaired t-test, p ¼ 0.02, Fig. 8B ). Only the Ca V 3.1 KO mice failed to respond to the stimulatory properties of MK-801. In fact, when comparing the periods of 15 min before and immediately after the MK-801 injection, Ca V 3.1 KO mice displayed a significant decrease in locomotion (paired t-test, KO: p ¼ 0.015; WT: p ¼ 0.222), consistent with continuing habituation to the open field arena. Taken together, these results strongly suggest that the Ca V 3.1 isoform of T-channels is necessary to relay the excitatory input from the VTA that mediates MK-801-induced hyperlocomotion.
Discussion
The major goal in this paper was to identify and categorize the presence of T-channel activity in the VTA neurons in rats and mice.
To accomplish the goal of isolating VTA T-type currents and to determine pertinent patterns in its distribution we used a combination of genetic, pharmacological and electrophysiological techniques. Here, we showed that for a subpopulation of neurons within the VTA, in both TH-POS and TH-NEG neurons, T-channels strongly contribute to the hyperpolarization-induced rebound spiking as demonstrated by the ability of the specific T-channel blocker TTA-P2 to block the effects of rebound spiking. In addition, we showed that properties of T-currents in WT mice are generally similar to the currents in WT rats, and that global Ca V 3.1 KO mice have virtually no T-currents in the VTA.
Our choice of TTA-P2 for this study relied on our previous studies that have extensively characterized its effects in other native preparations in vitro and in vivo (Choe et al., 2011; Eckle et al., 2012; DiGruccio et al., 2015; Joksimovic et al., 2017) . A series of previous experiments has shown that TTA-A2, another selective Tchannel blocker and analog of TTA-P2, was capable of blocking drug reward-related behaviors in multiple animal models of addiction. For example, when TTA-A2 was administered in conjunction with cocaine or amphetamine to mice previously given repeated daily injections of either amphetamine or cocaine, expression of locomotor sensitization was blocked (Gangarossa et al., 2014) . Further, in a nicotine self-administration model, rats given TTA-A2 showed reduced motivation to self-administer nicotine and motivation was not reinstated when either a priming dose of nicotine or a nicotine associated cue was presented (Uslaner et al., 2010) . In addition, TTA-A2 appeared to selectively block drug-related behaviors in the tasks tested without impairing the response to a natural food reward. In a follow-up study, systemic administration of TTA-A2 reduced the degree of amphetamine-induced hyperactivity in the nucleus accumbens (NAC) as measured by c-fos expression levels; and microdialysis revealed that TTA-A2 was capable of blocking increases in glutamatergic efflux in the NAC when systemic administration of MK-801 was compared to vehicle (Uslaner et al., 2012) .
Most classes of abused drugs show acute locomotor enhancing effects at specific dosage ranges, including NMDA antagonists (Caixeta et al., 2013) . Here, we utilized a potent and highly selective NMDA antagonist MK-801 with WT and Ca V 3.1 KO mouse lines to specifically examine the contribution of Ca V 3.1 T-channel isoform to this drug-induced behavioral phenotype. Our results with systemic injection of MK-801 into WT and Ca V 3.1 KO indicate that indeed, this T-channel isoform is required for MK-801-induced acute hyperlocomotion. Previous in vivo studies have documented that systemic administration of MK-801 induced hyperlocomotion and dopamine release in the NAC are largely mediated by enhanced excitability of VTA neurons (Math e et al., 1998) . Furthermore, molecular studies have demonstrated that mRNA for Ca V 3.1 is abundant in VTA neurons but below detectable levels in NAC (Talley et al., 1999) . This strongly suggests that Ca V 3.1 channels in VTA neurons played an important role in the MK-801-induced hyperlocomotion in our experiments. Future studies with VTA-specific Ca V 3.1 knock-out mice would be useful to further implicate these channels in behavioral responses induced by systemic administration of various drugs of abuse including NMDA antagonists.
To the authors' knowledge, only one other independent study (Philippart et al., 2016) utilized TTA-P2 as well as a number of other antagonists to delineate the overall contribution of multiple subtypes of VGCCs to the total calcium current in VTA neurons. They showed that about 20% of the total inward calcium current measured was due to contributions from T-type channels. However, the voltage-clamp stimulus waveform utilized to produce the signal was not suitable for maximal activation of T-channels as they were holding cells at À100 mV and moving to þ10 mV since they examined all subtypes of VGCCs. In contrast, our findings demonstrated that isolated T-type currents in the VTA were maximally activated while holding at À120 mV and moving to À50 mV. Regardless, the observation that even in these circumstances 20% of the total calcium current in the VTA could be attributed to T-type channels is intriguing and suggests in more specific electrophysiological circumstances, T-type channels may play an even greater role in calcium flux.
Our data established that the Ca V 3.1 isoform is a major contributor of T-channels in the mouse VTA. Our findings are in agreement with an in-situ hybridization study, which identified high levels of expression of mRNA for Ca V 3.1 in the VTA (Talley et al., 1999) . In general, kinetic properties of T-currents in the VTA are equivalent to other brain regions enriched in Ca V 3.1 such as the ventrobasal nucleus of the thalamus (Cope et al., 2005; Dreyfus et al., 2010; Eckle et al., 2012) , subiculum (Joksimovic et al., 2017) , and cerebellar Purkinje neurons (Hildebrand et al., 2009 ). Furthermore, the Ca V 3.1 isoform of T-channels was reported to play an important role in the plasticity of dopaminergic neurons in the substantia nigra . Another recent interesting study described the role of T-type channels in supporting LTS and burst firing in calbindin-negative but not calbindin-positive dopaminergic neurons within substantia nigra (Evans et al., 2017) . It remains possible that T-channels and LTS are expressed only in functionally-distinct subtype of dopaminergic neurons of VTA as well.
While T-channels and specifically the Ca V 3.1 isoform have not been previously described in the VTA, there is ample evidence that VTA neurons fire rebound burst APs that are implicated in both physiological processes (Chen and Lodge, 2013) and disorders of the mesolimbic reward system, including animal models of schizophrenia (Krabbe et al., 2015) . For example, even a single exposure to cocaine produces a lasting increase in bursting of dopaminergic VTA neurons via plasticity of glutamatergic receptors and calcium-activated small-conductance calcium-dependent potassium (SK) channels (Creed et al., 2014) . Furthermore, the addictive substance and ketamine analog, methoxetamine, induces self-administration behavior in rats and increases burst firing in the NAC projecting dopaminergic neurons of the VTA (Mutti et al., 2016) . Additional evidence for the role of a burst firing pattern in the VTA in pathological processes was reported for neuropathic pain caused by spared nerve injury in rats (Sagheddu et al., 2015) . Our results of in vivo and in vitro studies presented herein strongly suggest a substantial role for pharmacological targeting of Tchannels in various disorders of the mesolimbic reward system. Overall, our results establish for the first time that there is a major role for T-channels in both dopaminergic and nondopaminergic neurons within the VTA that affect their rebound excitability and burst firing. Furthermore, our study opens new avenues for future investigations which may delineate whether there are specific and more specialized roles for T-currents in the neurons which exhibit hyperpolarization-induced rebound spiking. Questions include whether dopaminergic neurons with rebound spiking project to major ascending regions of the brain such as the NAC or the prefrontal cortex; or what possible role may T-type channels play in the VTA in terms of mediating temporally discrete signaling? Some studies have also implicated hyperpolarizationactivated current (I h ) in rebound spiking of both dopaminergic and non-dopaminergic neurons in the VTA (Tateno and Robinson, 2011) . While the presence of T-channels and I h in both dopaminergic and non-dopaminergic neurons strongly suggest their complex role within the VTA, our results provide an important first step that lays the groundwork for future experiments within this heterogeneous region. For example, transgenic animals could determine if T-channels are expressed in inhibitory interneurons of the VTA, which represent the most abundant subpopulation of nondopaminergic neurons in VTA (Morales and Margolis, 2017) . This is very likely, given that our results indicate robust rebound bursting in the majority of studied TH-NEG neurons. However, due to the heterogeneous populations of neuronal subtypes within the VTA, examining whether T-channels are present on either glutamatergic, GABAergic or cholinergic subpopulations would be an important next step.
Overall, our results confirm the idea that T-channels critically support rebound burst firing following periods of membrane hyperpolarization, similar to those that occur during inhibitory synaptic potentials in the VTA. Further, our behavioral results indicate that deletion of Ca V 3.1 channels disrupts the hyperlocomotion that is well established among drugs of abuse and disorders like schizophrenia. While additional experiments are necessary to establish if other individual isoforms of T-channels within the mesolimbic pathway may also contribute to this effect, the implication that Ca V 3.1channels are necessary for expression of this behavioral effect provides strong evidence for further examining their role in reward-related circuitry. We conclude that Ca V 3.1 isoform of T-type channels may represent a new unexplored target for pharmacological therapies in treating disorders that result from dysfunction of the mesolimbic reward system.
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